Abstracr. Adipose tissue of piglets with yellow fat disease had increased activity of nonspecific esterase, 5-nucleotidase, and acid phosphatase. Since these enzymes are associated with different cell structures and damage to these structures can result in increased enzyme activity, they are criteria for pathogenetic study of yellow fat disease.
Yellow fat disease is a generalised disorder of fat depots, characterised by extensive adipose-cell degeneration (steatosis) and inflammation of adipose tissue (steatitis). During these processes a progressive peroxidation of unsaturated fatty acids may occur. Lipofuscin pigment, which is responsible for the typical yellow discoloration of the adipose tissue, is the final product of this peroxidation process [25, 39] . Steatitis was observed in natural cases in horses [24] , pigs [22, 341, minks [26] and other animals [3,5, 9] . The regular occurrence of this disorder in young animals, in particular, is remarkable [42, 431. An experimentally induced disease was described in pigs [14, 29] , minks [ 151 and rats [25] .
Several nutritional factors must be considered in the pathogenesis of this disorder. Yellow fat disease can be induced experimentally by feeding rations low in vitamin E and containing relatively large amounts (10-2074) of fish oil. These diets contained a high percentage of polyunsaturated fatty acids. A relatively large intake of these acids is an essential etiological factor, thus increasing their concentration in adipose tissue and other organs. Oxidation of these acids occurs when the tissue concentration of biological antioxidants, for example vitamin E, is not sufficient. Membrane lipids in particular are involved in this peroxidation process, which results in damage to the membranes and cellular degeneration [l, 18, 36, 391 .
Lipofuscin, a product of polymerisation of peroxides of unsaturated fatty acids with lipoproteins, possibly originates from ceil debris. The early stage of oxidation is called ceroid; the final product, lipofuscin [32] . In contrast with lipofuscin, the ceroid pigment has not undergone sufficient polymerisation to be completely insoluble in fat solvents. Also, the typical histological staining characteristics of lipofuscins differ from those of ceroid.
Yellow fat disease is considered an expression of vitamin E deficiency. Yellow fat, however, is often a unique phenomenon, in which case changes indicative of vitamin E deficiency (myocardial and skeletal muscle degeneration, liver necrosis, and vascular injury) are absent [18, 29] . Signs of vitamin E deficiency are also seen without changes in the adipose tissue [18, 28] . The independent occurrence of yellow fat disease possibly indicates a specific cause; however, no conclusions can be drawn from previous studies because several nutritional factors, such as fish oil, a vitamin E deficiency and a variable percentage of oxidation products of polyunsaturated fatty acids (which are considered to induce yellow fat) were introduced simultaneously [14, 25, 29] .
In the present study some natural cases of yellow fat disease in piglets were investigated to examine enzyme-histochemical changes in the adipose tissue. Normal histological and histochemical procedures do not discriminate as much as enzyme-histochemical techniques. Changes of cell structures are often associated with changes in activity of enzymes in these structures. These changes in activity can be demonstrated before histological abnormalities can be seen [8, 16, 331 . After these enzyme-histochemical criteria are developed, early changes in experimentally induced steatitis can be detected.
Material and Methods
Piglets 2-4 weeks old with yellow fat disease were anesthetised (StresniP + HypnodiP, Janssen Pharmaceutica, Belgium), and killed by bleeding. Adipose tissue samples were rapidly removed from the subcutaneous fat depot of the neck and belly and frozen with liquid nitrogen. Control animals of the same age were anesthetised, and adipose tissue biopsies were obtained only from the neck region and frozen with liquid nitrogen.
Serial sections were cut at 12 pm in a cryostat for enzyme-histochemical investigation. The enzymes studied were alkaline phosphatase [IZ], acid phosphatase [I 31, 5-nucleotidase [42] , nonspecific esterase (Naphtol-AsD acetate method [16] ), peroxidase (DABmethod [17] ), glucose-6-phosphatase [41] , glucose-6-phosphate dehydrogenase (G6PD) [35] and the nicotinamide adenine dinucleotide phosphate (NADP) dependent dehydrogenases [27] . Some of these enzymes are associated with certain subcellular structures (table I). Rat liver sections were included as reference. Parallel sections were incubated without substrates, and the specificity of the 5-nucleotidase reaction was controlled. Frozen sections of each fat sample were stained with hematoxylin-eosin (HE) after fixation in formalin. pH optimum T no effect + no effect no effect no effect no activity no activity 7.0-7.5 7.0-7.5 -= Inhibition; + = activation. Table I1 surveys enzymes showing activity in yellow fat and normal adipose tissue of control animals. The enzymes, acid phosphatase, 5-nucleotidase, and nonspecific esterase were active in yellow fat; a negative reaction occurred in normal adipose tissue. An increased activity of G6PD and the other NADP-dependent dehydrogenases was also seen in yellow fat. Reactions of alkaline phosphatase, glucose-6-phosphatase and peroxidase were negative in yellow fat and in normal adipose tissue. The effect of inhibitors (Ni ++,&rate) and activators(Mg++, Mn++) of 5-nucleotidase and an inhibitor (L(+) tartrate) of acid phosphatase activity was investigated to exclude nonspecific phosphatase activity in the 5-nucleotidase reaction (table 111) . Substrate specificity (with glycerophosphate) and pH optimum were also controlled. These data confirmed the specificity of the 5-nucleotidase reaction. 
Results

Cellular Localisation
Acid phosphatase was localised in the proliferated interstitial connective tissue of yellow adipose tissue. Sites of enzyme activity consisted of dark granular deposits ( fig. 1-3 ). Localisation was identical to the position of large macrophages seen in the HE-stained section ( fig. 4,5) .
Almost all 5-nucleotidase activity seemed to be restricted to the cytoplasm of fat cells. Reaction surrounded the whole fat vacuole ( fig. 6-8) , so localisation of this enzyme was quite different from acid phosphatase.
Localisation of nonspecific esterase was identical to that of 5-nucleotidase. Therefore it also was considered to be cytoplasmic ( fig. 9, 10 ).
Both in normal and yellow adipose tissue reaction products of NADP-dependent dehydrogenases and G6PD surrounded the fat vacuole. The localisation seemed to be partly in the adipose cell cytoplasm. Activity also occurred in the interstitial connective tissue of yellow fat. This localisation was identical to that of acid phosphatase reaction sites and thus suggested a macrophagic activity. The quantitative difference between diseased and normal tissue was not significant. The variation in normal tissue obscured interpretation of the difference. The severity of yellow fat disease varied. Islets of normal fat cells were present next to degenerative and inflamed adipose tissue. In areas of steatosis ( fig. 5, 1 l) , the cytoplasmic rim of the degenerating cells was broad and irregularly bordered on the fat vacuole. Proliferation of interstitial connective tissue did not occur, and some incidental macrophages were seen. The degenerating adipose cells were characterised by very weak acid-phosphatase activity ( fig. 2) , strong 5-nucleotidase reaction ( fig. 7) and the absence of nonspecific esterase activity.
In steatitis ( fig. 4,5) , an extensive interstitial fibrosis and cell proliferation occurred. Especially, pigment-containing macrophages were involved in this proliferating process. Steatitic areas were characterised by a strong interstitial acid-phosphatase activity (fig. 2 ). In these areas 5-nucleotidase was predominantly localised directly around the fat vacuole, but a diffuse interstitial reaction also occurred ( fig. 8 ). Nonspecific esterase activity was absent In areas surrounding the steatitic process, histochemically different fat cells were seen. In HE-stained tissue these cells were identical to normal ones. The enzyme-histochemical distinction was based on nonspecific esterase activity ( fig. 10, 12) . Acid phosphatase and 5-nucleotidase reaction of these cells was negative, as in normal adipose cells ( fig. 3, 13 ). The enzyme-histochemical properties of the different cell stages involved in yellow fat disease are summarised in table IV.
Discussion
In adipose tissue of piglets with yellow fat disease, increased activity of acid phosphatase, 5-nucleotidaseY and nonspecific esterase occurs. There are differences in localisation of these enzymes in fat cells or interstitial macrophages. Several stages that can be distinguished in this pathological process show their characteristic enzyme reactions.
Strong acid-phosphatase activity was present in regions of extensive steatitis, but was restricted to those areas where lipofuscin-laden macrophages occurred in the interstitial connective tissue. There is a relation between intracellular lipofuscin and lysosomal enzymatic activity [4, 101. Lipofuscin might accumulate in lysosomal structures [l 1 1. No activity of this enzyme occurred in any of the different stages of degenerating adipocytes. This is difficult to interpret, considering the increased acid-phosphatase reaction in early cell damage [40] .
Another type of incipient yellow fat disease seen in ponies, minks, and rats [25, 26, 431 is characterised by the appearance of little groups of pigment-containing macrophages without visible changes in the fat cells. In this type of yellow fat disease the acid-phosphatase reaction can be considered as a good indicator, since at first the macrophages exist in a few groups. Moreover, each group consists of a small number of macrophages only.
As identification of this early pigment (ceroid) is often difficult (several staining characteristics still differ from those of lipofuscin), determination of acid phosphatase activity is necessary for differentiation.
A good indication of early cell damage in porcine yellow fat disease is increased nonspecific esterase and 5-nucleotidase activity.
Nonspecific esterase reaction products occur in the cytoplasm of microscopically normal fat cells. Localisation of these cells is always close to steatitic areas. The subcellular localisation of this enzyme may be lysosomal or associated with membranes of endoplasmic reticulum [38]. In the fat cell the site of localisation is unknown, but an esterase activity associated with endoplasmic reticulum membranes is likely. In electron-microscopic studies of normal fat, lysosomes are rarely seen, whereas endoplasmic reticulum, especially smooth reticulum, is always extensively present [37] . Moreover, the strong lysosomal activity of macrophages in steatitic areas has not been found to be associated with nonspecific esterase reaction. The increased esterase activity might be the result of damage to membranes of endoplasmic reticulum. According to TAPPEL [39] and DEMOPOULOS [7] these membranes, with their high content of unsaturated fatty acids, should be damaged preferentially during lipid-oxidation processes. The smaller lipid content of lysoso-ma1 membranes prevents them from rapid damage. The first oxidation products are possibly formed within these cells. This can result in cytoplasmic ceroid development. This is supported by observations of esterase activity during the first stage of pigment formation in skeletal muscle fibers [lo].
It is also possible that the increased esterase activity in these fat cells is a sign of stimulation. This may be caused by the adjacent degenerative processes. In starvation experiments, a condition of intracellular lipid mobilisation will develop. The starved fat cells showed pseudopod-like evaginations of the cytoplasm and a proliferation of smooth endoplasmic reticulum. Also, many electron-dense lysosome structures were seen [37] .
Increased nonspecific esterase activity can be the result of both proliferation of smooth endoplasmic reticulum and lysosomes. In yellow fat disease an identical process can develop, in spite of the different causes; however, the esterase reaction seen in this study is probably a pathological change rather than a functional adaptation, since in yellow fat many normal fat cells with no esterase activity are present. The localisation of positive cells is always close to steatitic areas, indicating a direct relation to these processes.
Activity of 5-nucleotidase occurred in the cytoplasma of fat cells in regions of steatitis and steatosis. In steatitis cellular localisation of 5-nucleotidase reaction products in fat cells is unlikely. In this stage these cells may have lost their cytoplasm, leaving only fat globules embedded in the interstitial connective tissue and surrounded by macrophages. Thus, activity of a macrophagic enzyme cannot be excluded [20] . Study of the isoenzymatic pattern may clarify this localisation. In steatosis, the occurrence of only a few macrophages indicates very little acid phosphatase activity. The appearance of a strong 5-nucleotidase activity in those areas suggests an enzymic activity associated with fat cells. The localisation of 5-nucleotidase to the plasma membrane suggests it is a convenient marker for this structure [2]. Since phospholipids of the plasma membrane do not contain as much unsaturated fatty acid as those of other organelles, they are not as quickly involved in oxidative membrane damage [7]. This could explain the absence of 5-nucleotidase activity in the esterase-positive cells already mentioned. The esterase reaction may indicate early membrane damage. During progressive degenerative processes like steatosis and steatitis, the plasma membrane will also show structural changes. Increased 5-nucleotidase activity as a result of membrane lipid oxidation has not been found. In contrast with other plasma membrane markers, an activation of this enzyme was seen after affecting membrane lipids with detergents [23]. Increased 5-nucleotidase activity also occurs in cell degeneration processes resulting from other causes, and we feel that the activity in yellow fat disease is based on plasma membrane damage.
Nonspecific esterase, 5-nucleotidase and acid phosphatase are useful criteria for the study of porcine yellow fat disease at an early stage; however, isoenzymatic patterns and electron-microscopic studies are necessary to differentiate between activity of macrophages and fat cells. 
